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Early studies have already shown that the tonofibrils of malpighiJan cells consist of a 
-8H containing fibrous a-protein. It was assumed that the highly resistant protective 
substance, keratin, was formed by the conversion of -8H groups into -S-S- bonds in this 
protein . This chemical reaction was regarded as the most significant event of the 
keratinization process. 
Recent studies show that keratinization proceeds by a synthetic and a degradative stage 
and that ultimately a complex protective substance is formed. Horny cells become filled with 
-SH-containing filaments embedded in a -S-S--rich amorphous matrix. This complex is 
encased by a thickened membrane rendered insoluble by -8-8- bonds and an unknown, 
highly resistant bond. In the stratum corneum, the intercellular space is occupied by bipolar 
lipids originating from the discharged lamellae of membrane-coating granules. 
At the time of the first symposium on the 
Biology of Skin 25 years ago, most investigators 
thought of keratinization as specific changes 
within successive layers of the epidermis rather 
than as orderly processes advancing within single 
cells. Generally three layers were distinguished in 
the epidermis (Fig. 1): a lower living layer, called 
the " malpighian layer"; an intermediate granular 
layer; and an upper dead horny layer. Tonofibrils 
were considered to represent the most prominent 
structural components of the malpighian layer. It 
was already known that tonofibrils did not pass 
from one cell to another, as had been postulated 
earlier, but that they terminated at the nodes of 
Bizzozero appearing at intercellular bridges. Kera-
tohyaline granules were regarded as side products 
of keratinization which were formed by the break-
down products of the nuclei in the intermediate 
layer. The amorphous content of horny cells was 
regarded as an end product of coalesced tonofibril-
lar material. This interpretation was supported by 
polarization microscope studies which indicated 
that the content of horny cells showed double 
refraction comparable to that of the tonofibrils of 
malpighian cells. 
With this knowledge as a background, keratini-
zation was regarded as a process during which 
tonofibrils underwent specific changes that led to 
the formation of keratin, a highly resistant protec-
tive material present in the horny layer. These 
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changes were extensively studied by Giroud and 
his co-workers [1-4] who separated the living part 
of the epidermis from the dead horny layer and 
obtained x-ray diffraction patterns from each 
layer. They also conducted histochemical tests on 
sections of full-thickness epidermis in an effort to 
localize -8H groups (Fig. 1) . They found that 
both living and horny layers gave rise to an 
a-keratin x-ray diffraction pattern similar to that 
first observed by Astbury [5] in the wool fiber. 
They also observed that the malpighian layer was 
rich in -8H groups whereas the horny layer was 
not. These observations were related to the tonofi-
brils and interpreted in terms of Astbury's model 
on the molecular structure of a-keratin [5]. Tonofi-
brils of the malpighian layer were considered to 
consist of parallel, ordered and folded polypeptide 
chains possessing abundant cysteine residues with 
free -SH groups. Since the latter could not be 
demonstrated in the horny layer, it was concluded 
that cysteine was converted into cystine and 
-8-8- bonds were formed between adjacent 
polypeptide chains of tonofibrils. Thus, the forma-
tion of -S-8- bonds was regarded as the most 
significant event of keratinization and the strength 
and chemical inertness of keratin were thought to 
be due to the formation of such strong covalent 
cross-linkages [4]. 
In biochemical studies, Rudall [6] found that the 
polypeptide chains of tonofibrils were not cross-
linked by -S-8- bonds and therefore could be 
dispersed without the use of reducing agents. He 
extracted a low-sulfur fibrous protein, epidermin, 
from the epidermis with 6 M urea solution; and the 
membranes which formed by the drying of this 
extract gave rise to a typical a-keratin x-ray 
diagram comparable to that found by Giroud and 
his co-workers in the living layer of the epidermis. 
Giraud and Leblond [4] referred to epidermin as 
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FIG. 1. Schematic illustration prepared by the author 
25 years ago of the major events of the keratinization 
process discussed at the first symposium on the Biology 
of Skin. It demonstrates the distribution of -SH and 
-S-S- bonds in various layers of the epidennis and 
shows that a fibrous protein (a-keratin) with a crystalline 
structure is distributed throughout the entire epidermis. 
"prekeratin" and considered it to be a building 
block of the -SH-rich tonofibrils in the malpigh-
ian layer. 
Giroud's theory of keratinization was supported 
by many investigators and led to the conclusion 
that keratin was a sulfur-rich protein with a 
characteristic fibrous structure stabilized by ample 
disulfide bonds. This simplistic view of keratin and 
keratinization persisted until the advent of elec-
tron microscopy which revealed the complex con-
tent of the horny cell. In addition, chemical studies 
have shown that sulfur-containing protein is pres-
ent not only in tonofibrils but also in other epider-
mal components. 
Electron microscopy provided new information 
on tonofibrils, keratohyaline granules, the content 
of horny cells, and on new cell components which 
were not resolved in the light microscope. Porter 
[7] observed that tonofibrils consisted of a bundle 
of fine filaments, about 100 A thick, and that some 
of them terminated at the nodes of Bizzozero (i.e., 
desmosomes) while others were scattered in the 
cytoplasm. Later on, Brody [8-10] made several 
significant observations. He showed that horny 
cells were filled with filaments embedded in an 
amorphous matrix, such as those seen earlier in the 
cortical cells of the hair by Birbeck and Mercer 
[11 ]. The amorphous matrix was thought to origi-
nate from keratohyalin . Brody, who referred to this 
fibrous-amorphous complex as " keratin pattern, " 
Blso observed that the thickened membrane 
B.round the horny cell consisted of an asymmetric, 
t riple-layered plasma membrane and an inner 
nense broad zone. He introduced the term "T-cell" 
o characterize the cell type where major changes 
l.ook place while granular cells transformed into 
horny cells. He found that T-cells were filled with a 
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relatively large mass of keratohyalin and were 
enveloped by a modified membrane similar to that 
seen around completely keratinized cells. In the 
granular layer, keratohyalin was seen as an amor-
phous substance deposited on or around tonofi-
brils. 
A granular component, smaller than keratohya-
line granules, was first reported by Selby [12] in 
granular cells. Odland [13] showed that these 
granules first appeared in the spinous cells but 
disappeared when keratohyaline granules were 
fully formed. Frei and Sheldon [14], Farbman [15], 
and Matoltsy and Parakkal [16-18], who studied 
these granules extensively, found that they were 
encased by a membrane and had an orderly 
internal structure consisting of parallel lamellae 
about 20 A. thick. They also observed that the 
lamellae were discharged into the intercellular 
spaces and spread over the surface of granular and 
horny cells. Matoltsy and P arakkal [16] proposed 
to call these granules membrane-coating granules 
(MCG); others preferred such names as lamellated 
granules, keratinosomes , cementsomes, etc. For 
several years after the discovery of MCG, their 
function was not well understood and it has since 
been differently interpreted. Recently, investiga-
tors using different approaches found that MCG 
function as a barrier. Squier [19] found that the 
limit of penetration of horseradish peroxidase coin-
cides with the region where the lamellae of M CG 
are discharged. Elias and Friend [20] have demon-
strated by freeze- fracture techniques that the 
discharged lamellae of M CG fuse to form several 
layers of broad sheets which attach to the surface 
of horny cells and also fill the entire intercellular 
space in the lower part of the stratum corneum. 
Since the results of several other studies indicate 
that the 20 A lamellae of MCG contain lipids 
[21-23], it is reasonable to postulate that bipolar 
lipids participate in the barrier function. Recentl¥ 
Matoltsy and Bednarz observed stacks of 20 A 
sheets in the intercellular spaces between horny 
cells (Fig. 2a, b) and also within the horny cells 
[24], an indication that some lamellar material 
may be retained by the cells during the keratiniza-
tion process. Lavker [25], using high resolution 
electron microscopy, demonstrated in fine detail 
the structure of the intercellular material derived 
from MCG. He observed bileaflets whose dimen-
sions closely resembled those seen in plasma mem-
branes of living epidermal cells. 
Decomposition of the nucleus and other syn-
thetic organelles such as mitochondria, endoplas-
mic reticulum, ribosomes, and Golgi vesicles has 
been observed in the T-cells by several investiga-
tors, generally in relation to the release of lysoso-
mal enzymes. The fate of the degraded cellular 
components has not been studied in detail. The 
current view is that they pass through the thicken-
ing membrane of the T-cell [26] and may be 
reabsorbed by the skin. 
According to these descriptions of the ultrastruc-
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FIG. 2. Fate of MeG lamellae in the mammalian epidermis. 2b shows parallel leaflets filling the entire intercellular 
space between a granular and a horny cell presumably formed by the fusion of discharged lamellae of MeG. 2a reveals 
that the intercellular spaces between adjacent horny cells are not empty but are filled with sheets of compacted leaf-
lets. H, horny cells; G, granular cells; MeG, membrane-coating granule; IL, intercellular leaflet; TPM, thickened 
plasma membrane (a x 143,000; b x 123,700). 
tural characteristics of cells appearing at different 
levels of the epidermis, keratinization is a specific 
form of epithelial cell differentiation consisting of a 
synthetic and a transitional stage. The sequential 
events may be reconstructed from the ultrastruc-
tural changes as follows (Fig. 3). 
During the synthetic stage, differentiation prod-
ucts such as filaments, MCG, ap.d keratohyaline 
granules are formed sequentially in increasing 
number and size. The proteins contained by the 
filaments and keratohyaline granules are synthe-
sized by ribosomal participation. Presumably the 
endoplasmic reticulum and the Golgi apparatus 
are involved in the synthesis and stacking of the 
lamellar contents of MCG. Mter the differentiat-
ing cells become filled with these products, MeG 
move to the periphery and empty their lamellar 
content into the intercellular spaces. Later, the 
transitional stage is initiated by the activation of 
lysosomal enzymes which dissociate the synthetic 
organelles; filaments and keratohyalin resist their 
action. Concomitant changes in the permeability 
of the plasma membrane result in the elimination 
of degraded cell components from the T-cell and its 
July 1976 
3 
~ 
z 
~w 
a:Vl 
0< 
.... :t 
zo.. 
4: 
ex 
I-
u 
. I- W . 
w.,., 
:t < 
I-:t 
zo.. 
>-
.,.,.' 
FIG. 3. Schematic illustration of ultrastructural 
changes that characterize the synthetic and transforming 
stages of a keratinizing epidermal cell. BM, basement 
membrane ; D, desmosome; F, filament; R, ribosome ; N , 
nucleus; M , mitochondrion ; ER, endoplasmic reticulum; 
MeG membrane-coating granule; G, Golgi complex; L, 
lysosome; kh" keratohyaline granule ; IL , intracellular 
bileaflet; TPM, thickened plasma membrane; HM, horny 
matrix. 
contents begin to consolidate. Keratohyaline gran-
ules are dispersed and mix with the remaining 
other amorphous components and surround the 
filaments to form a fibrous-amorphous complex . 
Meanwhile a dense layer is deposited on the inner 
surface of the plasma membrane, and the lamellar 
remnants of MeG assemble into bilayers in the 
intercell ular space. 
The above interpretation confirms the impor-
tance of tonofibrils in the process of keratinization. 
In addition, it focuses attention on various other 
epidermal components such as a thickened plasma 
membrane, an amorphous matrix, and bipolar 
lipid layers, emphasizing that each is involved in 
fo rming the protective system of the skin (Fig . 4) . 
Chemical studies have shown [27] that the thick-
ened membrane of the horny cells is the most 
resistant component of the protective system. 
These membranes are composed of a protein-
lip id-carbohydrate complex which resists the ac-
tion of keratinolytic agents. Disulfide bonds are 
present in a moderate amount since about 50 
half-cystine residues per 1000 residues are found in 
~ he membrane protein. Reduction of -S-S-
~) onds and splitting of hydrogen bonds do not affect 
the insolubility of the membranes; apparently, 
these membranes are stabilized by an unknown, 
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FIG. 4.Schematic illustration of the origin and chemi-
cal nature of horny cell components and the intercellular 
material in the stratum corneum. 
highly resistant bond. Disulfide bonds are most 
abundant in the sulfur-rich amorphous protein of 
keratohyaline granules which form a part of the 
matrix of horny cells [28, 29 J. Analyses of isolated 
keratohyaline granules indicate about 100 half-
cystine residues per 1000 residues [30]. The fi-
brous a -protein of filaments has the lowest num-
ber of half-cystine residues, i.e. , about 10 per 1000 
residues [31-33J. Polypeptide chains of the fibrous 
0'- protein can be extracted from homogenized 
horny cells with neutral buffers containing SDS 
without reducing agent [34]. Thus it would appear 
that " a-keratin" chains are not cross-linked by 
-S-S- bonds in these cells, as it has been as-
sumed in the past by Giroud and other investiga-
tors. The strength and chemical inertness of " ker-
atin" is most probably related principally to -S-
S- bonds of the amorphous matrix protein which 
surrounds the filaments and to the insoluble mem-
brane protein that encases the horny cell. 
In view of ·the above considerations, we can 
conclude that the flexibility and elastic recovery of 
the protective horny layer are assured by a sulfur-
poor filament protein (a-keratin) and its stability 
by a sulfur-rich amorphous protein and that its 
integrity is critically governed by thickened cell 
membranes. The passage of aqueous solvents is 
controlled by lipid layers in the intercellular 
spaces. 
In addition to the above-mentioned sulfur-con-
taining proteins, a histidine-rich protein without 
any cystine residues has also been isolated from the 
epidermis [35] and is thought to be involved in the 
formation of the horny matrix [36]. Most investiga-
tors who studied this protein think that it is 
derived from keratohyaline granules. I have dis-
cussed the problems related to the actual site of 
origin of this protein and the preparative proce-
dures used for its isolation previously [34] and 
there is no need to discuss this problem again. Let 
24 MATOLTSY 
me just add that if the horny matrix were formed 
by a sulfur-poor and histidine-rich protein, it would 
not be possible to account for the total sulfur 
present in the horny cell. The filaments constitute 
about 50% of these cells and the envelope about 5%; 
the sulfur in both accounts for only a small part 
of the total sulfur content. Calculations indicate 
that the amorphous matrix contains about 10 times 
more sulfur than the fibrous component of the 
cell. 
Considerable progress was made during the past 
25 years in studies of the structural and chemical 
characteristics of the epidermal cell components 
that playa role in keratinization. Little progress 
has been made, however, in elucidating the exoge-
nous and endogenous factors that control the 
keratinization process. It has been established that 
the dermis is at least partially responsible for 
determining the nature of the overlying epidermis, 
but the epidermal-dermal interaction is not clearly 
understood [37]. The factors which block daughter 
cells in the basal layer from further division and 
direct them to enter the course of differentiation 
may be regarded as the most significant elements 
of the keratinization process. Unfortunately, this 
problem has not been studied in sufficient detail 
and is still unexplained. Furthermore, we do not 
know how the sequential events are coordinated 
during the synthetic and transitional stages of 
keratinization and do not know enough about the 
synthesis of sulfur-containing fibrous and amor-
phous proteins which form the filaments, kerato-
hyaline granules, and horny cell membranes [38]. 
In addition, we have no knowledge about the 
synthesis and activation of the lysosomal enzymes 
that play an important role in eliminating those 
cellular components which are not needed for the 
formation of a resistant horny cell. 
I hope that in the future keratinization will be 
discussed in terms of a specific "inducer" molecule 
that selects gene sets required for the formation of 
a keratinizing epithelium. I expect that we will 
know what causes the cessation of DNA synthesis 
and the production of mRNA. Perhaps, too, the 
mode of emergence of well-defined polypeptide 
chains from the mRN A-polysome complex will be 
clarified as well as the conditions for assembling 
these chains into the macromolecules that form the 
three-dimensional protective system of the skin. 
The author wishes to thank Ms . Judith A. Bednarz for 
her excellent technical assistance. 
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